Frequency difference limens were determined as a function of reference-stimulus level for pulsatile electrical stimuli in 5 postlingually deaf human subjects with Nucleus-22 cochlear implants and for sinusoidally amplitude-modulated acoustic white noise stimuli in 4 normal-hearing humans. Subjects were tested at levels throughout the dynamic range and extending to the lowest detectable levels. Response stability was measured over the course of 10 sessions. For electrical stimulation in the deaf ears, difference limens decreased as a function of level throughout much or all of the dynamic range of hearing. This result contrasts with the case for nonspectral acoustic stimulation of normal-hearing subjects, where nonspectral frequency difference limens were strongly affected by level only near the detection threshold. These data suggest differences in the acoustic and electrical response spaces that must be considered in the design of auditory prosthesis processors.
Introduction
In a deaf ear, the sensation of pitch can be induced by presentation of a periodic current waveform to electrodes located near the auditory nerve. Discrimination of changes in the frequency or repetition rate of the electrical signal is possible, though usually not with the same acuity with which normal-hearing human subjects can discriminate changes in the frequency of many acoustic signals. The difference in acuity for frequency changes is probably due, in part, to the absence, in the electrically stimulated deaf ear, of the normal, detailed place representation of the signal's spectrum. This hypothesis is supported by studies in normal-hearing subjects using acoustic signals in which the usable frequency information is represented only in *Some of the data in this paper were reported at the 1993 Midwinter Research Meeting of the Association for Research in Otolaryngology.
the time domain (Formby, 1985) . An acoustic signal commonly used for this purpose is sinusoidally amplitude-modulated broadband noise (SAM noise). Amplitude-modulated noise signals have also been used to study speech perception that is based only on the temporal information in the speech waveform and to compare the hearing of normal subjects to that of deaf subjects with cochlear implants (Van Tasell et al., 1987; 1992) . The assumption underlying these studies is that the information content of the acoustic amplitudemodulated noise signals simulates the information content of the signal received by users of single-channel cochlear implants.
There are a number of obvious differences between a deaf ear stimulated electrically and a normal ear stimulated with amplitude-modulated noise signals, including differences in the number of nerve fibers remaining in the deaf ear, the condition of those remaining fibers, and the spatial extent of the nerve array that is stimulated by the respective signals. The acoustic waveforms are also obviously different from the electrical, the SAM noise signal being much less deterministic. In an earlier study, using non-human primates, we examined the consequences of the similarities and differences between nonspectral acoustic stimulation of normal ears and electrical stimulation of deaf ears on discrimination of changes in stimulus frequency (Pfingst and Rai, 1990) . Specifically, we compared discrimination of the modulation frequency of acoustic SAM noise signals in a normal-hearing ear with discrimination of the frequency of electrical sinusoids in a deaf, implanted contralateral ear in the same subjects. At high levels of stimulation, frequency difference limens for these two stimuli were similar. However, the effects of level on the frequency discrimination ability were markedly different for the two conditions. Frequency difference limens for electrical stimulation of the deaf ears increased as reference-stimulus level decreased throughout the dynamic range. In the lower third to lower half of the dynamic range, difference limens were very large and some subjects were unable to make the discrimination at all (Pfingst and Rai, 1990 ; plus unpublished observations). In contrast, for acoustic stimulation in the normal-hearing ear, modulationfrequency difference limens increased little with decreasing level except within 10 to 20 dB of the detection threshold.
These differences in nonspectral frequency discrimination ability between normal-hearing ears and electrically stimulated deaf ears suggest that nonspectral frequency discrimination is affected by the condition of the stimulated ear and/or the waveform of the signal used to carry the frequency information. These differences have implications for design of processors for auditory prostheses, which seek an effective translation between the response space for the acoustic environment and the response space for electrically stimulated deaf ears. Thus, a better understanding of the differences between the electrical and acoustic response spaces will aid in the design and calibration of these processors.
The experiment reported here is an extension of the Pfingst and Rai (1990) experiment, using human subjects rather than non-human primates i. Previous studies with SAM noise in normal-hearing human subjects have shown little effect of level through most of the dynamic range (Pfingst, 1993) . A study using electrical stimulation in deaf human subjects (Feinman and Wakefield, 1990) frequency signals, similar to those observed in non-human primates. However, all of the studies cited above were conducted primarily in the middle three quarters of the dynamic range. In this experiment, we extend the levels of the acoustic and electrical signals to the lowest levels where the subjects could reliably detect them. It is in this region that the strongest effects of level on discrimination of SAM noise signals are seen. For the studies with electrical stimulation, we also tested subjects at the maximum comfortable level of stimulation. These experiments, like the Pfingst and Rai (1990) experiments, were conducted using a reference-stimulus frequency of 100 Hz and test stimuli at frequencies above 100 Hz. This frequency region, near the voice fundamental, is the region for which rate coding is most commonly used in cochlear prosthetics.
Methods

Subjects
Data were collected from 5 postlingually deaf human subjects implanted with the Cochlear Corporation Nucleus-22 Cochlear Implant System (Clark, 1987; Skinner et al., 1991) and 4 human subjects with normal hearing. Details about the subjects are given in Table  1 .
Equipment and stimuli for deaf-implanted subjects
For the deaf-implanted subjects, stimuli were delivered by an implanted receiver-stimulator driven by a Mini Speech Processor (MSP) that was controlled by a Cochlear Corporation Dual Processor Interface (DPI). The output of the DPI was controlled by an IBM PC, Fig. 1 . Detection thresholds, maximum comfortable loudness levels (C-levels), and reference-stimulus levels for each of the 5 deaf-implanted subjects. Each panel shows data for a different subject. The legend (upper right) applies to all 5 subjects. Means and ranges for 3 estimates of threshold and C-level are shown for each of 10 sessions for each subject. Detection-threshold levels measured by the method of adjustment and the 21FC method are shown. Derived reference-stimulus levels at 33 and 66% of the dynamic range are also shown for each session. These values, for each session, are based on the percent of the range, in current-level units, between the method-of-adjustment detection thresholds and the C-levels obtained at the beginning of that session. The percent-of-dynamic-range calculations were based on current-level units. The actual currents at these levels were then determined in dB re 1 n~4 peak, based on the current conversion charts for the subjects' implants. Frequency difference limens were measured at each of the 4 levels ranging from the method-of-adjustment detection threshold to the C-level (indicated by solid lines). the implanted receiver-stimulator. Voltage across a 30 kR load at the output of the receiver-stimulator was monitored using a Tektronix TDS 320 digital storage oscilloscope.
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Any pulse started within the 200 ms specified stimulus duration was completed in order to achieve a charge-balanced signal. The stimulus duration (from the onset of the first pulse to the end of the last pulse) varied as a function of frequency, the maximum variation being equal to the stimulus period, which was a maximum of 10 ms.
Current level for the cochlear implants was designated by numbers from 1 to 238, which we termed 'current-level units.' The actual current in microamPeres at each current-level unit was determined by Cochlear Corporation prior to implantation of each receiver-stimulator.
Calibration tables from Cochlear Corporation were used to translate the current-level units to microamperes. The step size in decibels of current was variable from unit to unit, but the average step size was about 0.16 dB and at least 95% of step sizes were less than 0.45 dB.
Equipment and stimuli for normal-hearing subjects
For normal-hearing subjects, acoustic stimuli were presented monaurally through a Beyer Dynamic DT48 headphone fitted with a circumaural cushion (Pfingst et al., 1975) while subjects sat in a double-walled sound-attenuating booth (Tracoustics model RE-240-B). The white noise carrier and the sinusoidal modulator for the SAM noise stimuli were generated by a General Radio white noise generator (20 Hz-20 kHz) and a computer-controlled Rockland frequency synthesizer, respectively. These two signals were combined in a custom-built mixer to form the 100% amplitude-modulated SAM noise signal. The signal was gated by a custom-built tone switch (rise-fall times = 10 ms) and attenuated by a computer-controlled Wilsonics (model PATT) attenuator. Experimental paradigms and data collection were controlled by IBM PC-compatible computers using programs written locally.
Protocol for deaf-implanted subjects
For the frequency discrimination experiments in the implanted subjects, only one electrode pair was tested (Table 1 ). The electrode configuration used was that which was normally used in the subject's speech processor. This configuration was 'bipolar plus one' (1.5 mm electrode separation, center to center) in all cases except subject B.T., where 'bipolar plus two' (2.25 mm separation) was used. Selection of the electrode pair was restricted to electrodes in the apical half of the array (electrodes 12 to 22). Within this range, we chose the electrode pair with the largest dynamic range, based on detection thresholds and C-levels (maximum comfortable loudness levels) measured for each pair.
Four of the five implanted subjects participated in pilot experiments in which difference limens were measured at 25, 50, and 75% of the dynamic range based on detection thresholds and C-levels (in current-level units) obtained during the first session. During these experiments, 18 to 20 difference limens were obtained at each reference-stimulus level. Subject S.C. did not participate in these pilot experiments but was given a few practice sessions before beginning the main experiment.
In the main experiment, subjects were tested in sessions that lasted approximately 2 hours, using the following protocol. First, detection threshold levels and C-levels (maximum comfortable loudness levels) were determined for the electrode configuration selected for that subject. The stimuli were pulse trains at 100 pulses per second (pps), with a pulse duration of 204 Fs/phase and a stimulus duration of 200 ms. Detection thresholds were determined using two different methods: a method of adjustment and a two-interval forced-choice (2IFC) method. In the method of adjustment, the subject used a current-level control knob to adjust the level of a repeating stimulus, with an interstimulus interval of 500 ms, to a barely audible level. The 21FC method was used in conjunction with a modified Levitt (1971) tracking procedure (Edwards and Wakefield, 1988 ) with a step size of 1 current-level unit. The last 10 reversals were used to determine thresholds at 70.7% correct responses. C-levels were measured using a method of adjustment. Subjects were asked to set the current-level control knob to 'the loudest position at which you can listen comfortably.' Three detectionthreshold determinations were made by each method, and three C-levels were determined. Means of the three determinations were calculated for each session.
Next, frequency difference limens were determined for the same electrode configuration using the 100 pps, 200 ms pulse train as the reference stimulus. Difference limens were determined at four different levels of the reference stimulus. The levels used were the mean of the three detection-threshold levels for that session determined by the method of adjustment, the mean of the three C-level determinations for that session, and levels corresponding to 33 and 66% of the range between these two levels in current-level units (Fig. 1) . Frequency difference limens were measured using a 21FC method with flanking cues. The subject was presented on each trial with a sequence of four observation intervals signaled by lights. One of the two middle intervals in the sequence (either the second or the third, chosen at random) contained the test stimulus, which was higher in frequency (pulses per second) than the reference stimulus. The reference stimulus was presented during each of the other three intervals. The subject was asked to indicate in which interval (2 or 3) the stimulus sounded different. The modified Levitt tracking procedure (Edwards and Wakefield, 1988) was used with a ratio-step size of 1.3. The initial test stimulus was 300 pps. A correct response sequence caused the frequency value to be divided by 1.3, and a miss caused it to be multiplied by 1.3. The last 10 reversals were used to calculate the difference limen at 70.7% correct, Difference limens for the four levels were determined in random order before testing at any level was repeated. In each session, a total of three frequency difference limens were determined at each level.
In order to determine how frequency difference limens related to the loudness of the stimulus, loudness estimates were made for the reference stimuli (100 pps, 200 ms stimulus duration) in separate sessions. Detection thresholds and C-levels were measured at the beginning of the sessions, using the method of adjustment. The subjects were then presented a stimulus at the method-of-adjustment detection-threshold level and were told that this level was the softest level on a scale of 1 to 10. They were then stimulated at the C-level and told that this was at level 10. They were then stimulated at 7 to 9 different levels, including the detection threshold and the C-level, and asked to rank the loudness of each stimulus on a scale from 1 to 10. The stimuli were presented in random order until a total of 10 trials were run at each level. Two to four sessions were run for each subject.
Protocol for normal-hearing subjects
For the normal-hearing subjects, the psychophysical testing consisted of two stages. In stage one, psychometric functions for stimulus detection were determined using a 21FC procedure. SAM noise signals with a modulation frequency of 100 Hz were presented via the method of constant stimuli. A run consisted of 10 trials per stimulus level, and 3 runs were combined to determine a psychometric function. Detection threshold was defined as the level (calculated by linear interpolation) at which correct responses (hits) were obtained on 70.7% of the trials. Initial detection-threshold estimates were used to determine the levels at which the subject was to run in stage two.
In stage two, modulation-frequency difference limens for SAM noise were measured for each subject at 8 stimulus levels relative to the detection threshold. In order to concentrate on the subjects' abilities to discriminate between frequencies at levels close to the detection threshold, modulation-frequency difference limens were taken at 5, 10, 15,20,25,30,50, and 70 dB SL, based on the initial detection-threshold estimates. Frequency difference limens were measured using a 21FC procedure with two 200 ms bursts of SAM noise presented in each observation interval. In one interval, chosen at random on each trial, the modulation frequencies were identical (100 Hz), while in the other, the modulation frequencies differed (100 Hz and a higher modulation frequency). The subjects were instructed to indicate the interval where the stimuli differed. A two-down, one-up tracking procedure with 20 reversals was used. Randomly interspersed catch-trials (i.e., trials in which the modulation frequencies of the stimuli in both observation intervals were identical) comprised approximately 20% of the stimuli in a run. These were intended to make the position in the tracking algorithm less salient to the subject. The difference limen was defined as the change in modulation frequency for which a subject was responding correctly on 70.7% of the trials. This analysis was restricted to test frequencies where eight or more trials were run. Each subject completed 10 to 12 runs for each of the 8 stimulus levels, and the difference limens from the last 5 of these runs were averaged in the final data analysis.
Detection-threshold tests were continued throughout the experiment, interspersed with the frequency discrimination testing. After all data collection was completed, a mean detection threshold was determined for each subject, based on detection thresholds measured over the same time period used for the frequency discrimination tests. These detection thresholds were used to determine the actual sensation levels at which the frequency discrimination data had been collected.
Results
Deaf-implanted subjects
Operating ranges and reference-stimulus levels
The four reference-stimulus levels used for frequency discrimination testing, and their stability over time, are shown in Fig. 1 (symbols connected by solid  lines) . Also shown in Fig. 1 are detection thresholds measured at the beginning of each session using the 21FC method (open squares connected by dashed lines). The four reference-stimulus levels are based on method-of-adjustment detection thresholds (filled circles) and C-levels (open circles) measured at the beginning of each session. These two values were used as the highest and lowest reference-stimulus levels. Levels corresponding to 33 and 66% of the range between these values, in current-level units, comprised the remaining two reference-stimulus levels. These levels are plotted in Fig. 1 in units of dB re 1 mA peak.
Detection thresholds and C-levels varied from session to session. Standard deviations of the means across the 10 sessions averaged 0.94 dB for the method-of-ad-justment thresholds, 0.84 dB for the 21FC thresholds, and 0.61 dB for the C-level measurements. Within subjects, the correlation of detection thresholds (method of adjustment) with C-level measurements across sessions was generally low, averaging 0.25.
For each subject the means of detection thresholds measured during the first 5 sessions were compared with the means of thresholds measured during the last 5 sessions. Differences between these two means averaged -0.02 dB for the method-of-adjustment thresholds, 0.53 dB for the 21FC thresholds, and 0.71 dB for the C-levels.
Detection thresholds measured with the 21FC procedure were typically lower than those obtained by the method of adjustment. Across the 10 sessions, the average difference between detection thresholds ob- tained by these two methods ranged from 1.04 dB for subject S.C. to 3.02 dB for subject M.K. and averaged 1.91 dB across the 5 subjects.
Stability over time
Frequency difference limens for the 5 subjects are plotted as a function of session number in Fig. 2 . Most of the subjects showed small decreases in the frequency difference limens over the course of the ten sessions. Subject S.C., who had the least amount of previous frequency discrimination training, showed the largest changes. In this subject, difference limens decreased by an average of 49% from the first 5 sessions to the last 5 sessions. The remaining 4 subjects showed changes from the first 5 to the last 5 sessions, averaged across the 4 levels, ranging from decreases of 24% (subject B.T.) to increases of 1.8% (subject M.O.). These subjects typically showed large difference limen decreases (> 20%) at only one or two levels. For example, subject B.T. showed decreases in mean difference limens from the first 5 sessions to the last 5 sessions of > 34% at the two highest levels but changes of < 1% at the lowest level.
Variation from session to session in frequency difference limens were not highly correlated with sessionto-session variation in reference-stimulus levels (average correlation coefficient = 0.1851, or C-levels (average correlation coefficient = 0.097).
Difference limen vs level functions for the two subjects showing the greatest changes in difference limens over time are depicted in Fig. 3 . For subject S.C., difference limens decreased from the first 5 sessions to the last 5 sessions at all reference-stimulus levels. The overall shape of the difference limen vs level function changed only slightly. Subject B.T. showed decreases in the mean difference limens primarily at the highest two referencestimulus levels. These decreases resulted in a slightly steeper slope in the difference limen vs level function between the 33 and 66% of dynamic range referencestimulus levels, but the overall shape of the function did not change appreciably.
Effects of reference-stimulus level
Effects of reference-stimulus level on frequency difference limens are shown for all of the deaf-implanted subjects in Fig. 4 . Since, as noted above, changes in difference limens over time had little effect on these functions, we averaged across all 10 sessions to obtain the values for Fig. 4 . In Fig. 4A , the difference limens are plotted as a function of level in decibels of current. The location and extent of these functions on the abscissa indicate the magnitudes of detection thresholds and dynamic ranges in decibels of current, which varied from subject to subject. Subjects also differed in the magnitudes of their frequency difference limens (dB re 1 mA peak) and in the way in which frequency difference limens decreased as a function of level. The same data are plotted as a function of level in percent of the dynamic range in decibels of current in Fig. 4B and as a function of sensation level in Fig. 4C . These depictions also illustrate the intersubject differences in the magnitudes of the difference limens and the rates of change in the difference limens as a function of reference-stimulus level. For subjects S.C. and M.O., difference limens decreased as a function of level throughout the dynamic range, with a slight tendency toward asymptote. For subjects B.C. and B.T., difference limens decreased up to about 70% of the dynamic range and then showed a clear asymptote. Subject M.K. showed the shallowest functions, with difference limens decreasing little above 40% of the dynamic range.
Loudness estimates
Loudness estimates for stimuli ranging from the detection threshold to the C-level are shown in Fig. 5 . This figure is based on data from one session in which method-of-adjustment detection thresholds and C- In (A), means and 95% confidence intervals are shown.
Stimulus detection
Psychometric detection-threshold functions for runs conducted during stage two are shown in Fig. 7 . Detection thresholds (70.7% hits) for the four subjects spanned a 4.4 dB range. The lowest level at which subjects detected the signal on 100% of the trials was an average of 8.0 dB (s.d. = 1.5 dB) above the detection Fig. 8 . Modulation-frequency difference limens plotted as a function of session number for each of the 4 normal-hearing subjects. Difference limens were determined using a 21FC procedure with a two-down, one-up tracking method. Error bars indicate the 95% confidence intervals.
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threshold and spanned a 6 dB range across the four subjects.
Stability over time
Frequency difference limens obtained at the eight stimulus levels are shown as a function of session number in Fig. 8 . In general, we did not observe any systematic changes over time in the frequency difference limens of the four subjects. Standard deviations for the frequency difference limens obtained at sensation levels higher than 20 dB SL were less than 0.2 times their respective mean limens for three of the subjects and less than 0.36 times the mean for the fourth. Below 20 dB SL, the variability in the difference limens collected for each subject was larger: 0.3-0.6 times the respective means. This was particularly true for difference limens measured at levels between 10 and 15 dB SL.
Subject L.B. had a cold at one point in the study, during session 7-10. The difference limens obtained in these runs were somewhat higher than those from the runs both preceding and following them. These sessions were included in Fig. 8 , but they were not used to calculate the final mean difference limens.
Effects of reference-stimulus level
In Fig. 9 , modulation-frequency difference limens for the four subjects are plotted as a function of sensation level of the reference stimulus. The difference limens of all of the subjects were largest when the level of SAM noise was closest to the detection threshold. As the level of the stimulus was increased to between 20 and 30 dB SL, the modulation-frequency difference limens for each subject decreased rapidly as a function of level. Subjects B.B. and A.S. showed 2 to 2.5 Hz increases in their modulation-frequency difference limens as the SAM noise level was increased from 30 dB SL to 70 dB SL. Subjects L.B. and B.P. showed mostly continuous decreases in their difference limens up to about 50 dB SL. When the level of SAM noise was raised from 50 dB SL to 70 dB SL, these two subjects showed increases of 1 to 2 Hz in their difference limens. Mean modulation-frequency difference limens could not be determined at 5 dB above the initial detection threshold for three out of the four subjects, because these subjects were not able to consistently discriminate between frequencies presented at this level. When we were able to obtain a difference limen for these subjects, their mean difference limens were at about 300 Hz (B.P.), 175 Hz (B.B.1, and 90 Hz (L.B.). Instead of having these subjects run at levels where they were not able to consistently discriminate between frequencies, they each ran at the lowest levels at which we were able to reliably obtain difference limens. These stimulus levels were 10.7, 7.1, and 12 dB SL for subjects B.P., B.B., and L.B., respectively. These levels were all within 4 dB of the lowest level on the psychometric functions where the subject obtained 100% hits.
Discussion
The principal finding of this study was that nonspectral frequency difference limens for electrical stimulation of the deaf ear are affected by level over much or all of the dynamic range of hearing, while those for nonspectral acoustic stimulation of normal-hearing ears are affected primarily near the detection threshold. This finding confirms in human subjects the results previously obtained by Pfingst and Rai (1990) in monkeys, but it differs from that study in several important respects, as detailed below.
In this study, we extended the range of levels over which the subjects were tested. The human subjects in this study were able to perform the discrimination at lower levels in the dynamic range than were most of the monkey subjects tested in the Pfingst and Rai experiment. It remains to be determined whether this difference was due to species or some other difference, such as nerve survival pattern or the use of pulsatile versus sinusoidal stimuli. In addition, the range over which difference limens for electrical stimuli were tested in the current experiment was extended to the upper limits of the dynamic range. In this case, we saw some evidence in all subjects of an asymptote in the difference limen vs level functions.
Another difference between this study and the Pfingst and Rai experiment was in the waveform used for the electrical stimulation. In the former experiment, we used electrical sinusoids. Changing the frequency of those signals can produce marked changes in loudness.
However, the effects of frequency on loudness are minimal for pulsatile electrical stimuli if the pulse durations are less than about 0.5 ms/phase (Shannon, 1985; Pfingst and Morris, 1993) . In this study, we used 0.204 ms/phase pulsatile stimuli, which are the pulses commonly used in the subjects' wearable speech processors. Changes in the pulse rate over the range where we tested frequency difference limens would be expected to produce little, if any, change in loudness. While we cannot state that loudness cues never contributed to the pulse-rate discrimination, it seems highly unlikely that they dominated the discrimination, as they might well have done if sinusoids or long-duration pulses were used (Pfingst and Rush, 1987; Barrett0 and Pfingst, 1992) .
A potential complication of using pulsatile stimuli is that the stimulus duration (from the onset of the first pulse to the end of the last pulse) changes as a function of pulse rate. In our experiments, the maximum difference in stimulus duration between the reference and test stimuli was less than 10 ms or less than 5% of the total stimulus duration. Stimulus duration difference limens for electrical stimuli are typically greater than 20% of the stimulus duration (Hochmair-Desoyer et al., 1985) . Furthermore, in the current experiment, the stimulus duration differences associated with frequency differences that the subjects could not detect were as large as those associated with frequency differences which they could detect. Thus, it is unlikely that duration changes were a useful cue in these experiments.
An important feature of the data obtained in the present study is that the across-subject differences in the shapes and slopes of the difference limen vs level functions for electrical stimulation were greater in the electrically-stimulated deaf-implanted subjects than in the acoustically-stimulated normal-hearing subjects. This feature was also seen in the Pfingst and Rai (1990) study. We saw even greater across-subject variance in the deaf-implanted human subjects in our pilot studies. Those studies included a subject who had very steep difference limen vs level functions, but that subject was not able to participate in the main experiment.
Large effects of level on detection of periodicity (temporal modulation transfer functions) by deaf-implanted subjects have also been seen (Shannon, 1992 (Shannon, , 1993 . These results also contrast with the case for acoustic stimulation of the normal ear, where effects of level are seen only near the detection threshold (Viemeister, 1979) .
The large effects of level on electrical frequency difference limens, which are not seen when the normal auditory system is stimulated with nonspectral acoustic stimuli, might be due, in part, to the significant nerve loss that accompanies deafness (Hinojosa and Marion, 1983) . Also, differences in nerve loss across subjects might account for the differences in performance across subjects. The assumption here is that nonspectral frequency difference limens are inversely related to the number of nerve fibers carrying the auditory information. As level increases and the number of fibers stimulated by the electrical signal grows, the difference limens decrease until some saturation level is reached, above which recruiting additional fibers has no further effect. In contrast, in the normal acoustic case, where the number of fibers stimulated at low levels is large, the difference limens for SAM noise stimuli reach a saturation level at only a few dB above the detection threshold.
Frequency discrimination tasks can be subject to large learning effects. These effects have been demonstrated primarily for pure tones (Turner and Nelson, 1982; Prosen et al., 1990) . Large improvements in frequency difference limens for electrical stimulation of the ear were seen over the first two years following implantation in a study by Risberg and Agelfors (1987) . These changes, however, were for a restricted group of subjects that were suspected to have some residual hair cells and electrophonic hearing (Risberg et al., 1990) . The learning effects seen over the course of our experiments were small and had little effect on the main conclusions of the experiment. Thus, our results seem reasonably stable, though we cannot rule out significant effects from very long-term training.
Small fluctuations in detection thresholds and Clevels were seen within subjects from session to session. Under our procedure for the frequency discrimination tests in the deaf-implanted subjects, these fluctuations resulted in small changes in the reference-stimulus levels from session to session. In general, these changes seemed to have little effect on difference limens, as evidenced by the low correlations across sessions between detection thresholds or C-levels and difference limens. We note that one of the subjects who showed moderately large decreases in difference limens over time (S.C.) also showed a slight increase in mean detection thresholds and C-levels from the first 5 to the last 5 sessions. The resulting changes in referencestimulus levels, however, were not sufficient to completely account for the decrease in difference limens observed over this time period. Comparable changes in reference-stimulus level during either the first 5 or the second 5 sessions did not result in as large a change in the frequency difference limen as was seen over time between the first 5 and last 5 sessions (Fig. 3) .
Comparison of level effects for acoustic and electrical stimulation is complicated by the fact that the dynamic ranges for the two signals, and the growth of loudness within those ranges, are markedly different. If the frequency difference limen vs level functions for these two types of stimulation are compared in terms of sensation level, the functions show more similar behavior in that difference limens decrease rapidly as a function of level over the first lo-20 dB above threshold. However, 20 dB exceeded the entire dynamic range for our electrically stimulated subjects but is only about 25% of the dynamic range for acoustic stimulation of the normal ear. Loudness growth functions for the deaf-implanted subjects in our experiment, assessed by loudness estimation techniques, showed slow loudness growth as a function of decibels of current near the detection threshold and more rapid growth at higher levels, similar to functions reported previously for electrical stimulation (Pfingst, 1984; Shannon, 1985; Zeng and Shannon, 1992) . Thus, the region where frequency difference limens are changing most rapidly as a function of reference-stimulus level in most subjects corresponds to the level where loudness is growing most slowly as a function of level. For these subjects, if frequency difference limens are plotted as a function of reference-stimulus loudness, it is evident that difference limens are affected by level primarily at the lowest loudnesses.
This study supports the previous finding of differences in the processing of frequency information by an electrically stimulated, deafened auditory system and processing of nonspectral acoustic information by a normal system. An appreciation of these differences may be useful in designing processors for auditory prostheses. In particular, it seems that there may be an advantage in compressing the range of levels onto which the lower part of the acoustic dynamic range is mapped and expanding the mapping of the upper part of the range. Such a mapping would also correct for the unusually slow growth of loudness that is commonly seen near the detection threshold in the case of electrical stimulation of the deaf ear.
More work is needed to determine the mechanisms underlying the differences between the electrically stimulated deaf ear and the acoustically stimulated normal ear. If these differences are due, in part, to differences in nerve survival patterns, then the frequency discrimination data may be useful in diagnosing the condition of the deaf ear and in determining the best strategy for mapping the acoustic space to the electrical space on a patient-by-patient basis.
